Abstract As an alternative strategy for phosphate removal, biochar (black carbon) has characteristics superior to those of widely used adsorptive media, from both economic and environmental points of view. In this study, various types of biochar derived from oak wood, bamboo wood, maize residue, soybean stover, and peanut shell were tested for evaluation of phosphate removal. After 24 h of reaction time, the phosphate removal was limited (2.0-9.4 %) in case of general adsorptive media. However, interestingly, among various biochars, peanut shell-derived biochar (PSB) exhibited the best performance, showing the highest phosphate removal rate, 61.3 % (3.8 mg PO 4-P g PSB -1 ). We attribute this high value to the proper structural properties of PSB, such as BET-specific surface area of 348.96 m 2 g -1 and mineral/phosphorus ratio (Mg/ P = 3.46 and Ca/P = 47.6). Adsorption equilibrium and kinetics of phosphate at different temperature (10, 20, and 30°C) were well explained in the whole experimental region by Langmuir isotherm and pseudo-second-order kinetic models, respectively. The maximum adsorption capacity of PSB was 6.79 mg g -1 for phosphate at 30°C. These findings suggest that PSB has great potential as an alternative and renewable adsorptive media for phosphate removal.
Introduction
It is well known that eutrophication is one of the critical environmental problems around the world today; this process is responsible for degradation of the quality of water ecosystems, global loss of biodiversity, and negative impact on the economy. These negative effects are due to the response in water to the over enrichment of point and nonpoint nutrient (nitrogen and phosphorus) loading from natural and manmade sources (urban and agricultural runoff, animal farming) (Mainstone and Parr 2002; Smith 2003) . According to one report, a nitrogen/phosphorus ratio above eight and soluble reactive phosphorus concentration below 0.3 mg L -1 means that phosphorus is likely to be a limiting factor for part of the growing season (Mainstone et al. 1995) . The average nitrogen/phosphorus ratio and phosphorus concentration of the water ecosystem in the Republic of Korea are 19.7-92.4 and 0.12 mg L -1 , respectively (Kim et al. 2007 ). This means that controlling the phosphorus concentration is a crucial solution for preventing eutrophication.
Up to now, even though conventional wastewater treatment systems have been used to remove phosphate, these systems have not yet sufficiently solved the problem of eutrophication in the water ecosystem. Especially, conventional chemical precipitation using Ca, Al, and Fe leaded to economic burden and generation of secondary pollutants (Clark et al. 1997) . Thus, the effective control of phosphate has been attracting a great deal of attention in the last two decades. For phosphate removal, a large number of studies have used adsorptive media such as natural products, byproducts, and man-made products (Vohla et al. 2011) . Most of the adsorptive media used in these studies have had a high content of Ca, Al, and/or Fe, which are elements with strong affinity for phosphorus binding (Westholm 2006) . In addition, recently, biochar derived from agricultural residue has been employed as an alternative adsorptive media (Ahmad et al. 2014; Mohan et al. 2014 ). Although only a few studies have investigated the ability of biochar to remove nutrients from aqueous solution, the application of biochar derived from renewable biomass is a more suitable strategy, from environmental and economic points of view, to remove phosphate and to recycle waste (Roberts et al. 2010) . In this sense, up to date, various agricultural residues and other waste have been proposed as good sources for biochar production (Cao and Harris 2010; Yand and Sheng 2003; Yao et al. 2011a; Yuan et al. 2011) . However, the capacity of phosphate removal highly depends on their properties of raw material and biochar; therefore, a study of the potential for phosphate removal should be required before use.
Peanuts are a widely planted legume commodity crop worldwide; approximately 34.43 million tons of peanuts were produced in 2009. Peanuts are widely used for food, oil, and medicine; they have many other uses, as well ). However, the main problem is the generation of waste biomass, namely peanut shells, which constitute about 30 % of peanut production (Wu et al. 2013) . Most peanut shells are discarded as solid waste or are burned off in stacks, resulting in lost resources and environmental pollution; thus, there is a need to convert these shells to useful and valuable products (Ahmad et al. 2012) . Therefore, if biochar derived from peanut shells can be used to remove phosphate, such a material can play a dual role in reasonable solutions to both environmental and economic issues because biochar can act as an adsorbent, as a land application for carbon sequestration, and as a valuable nutrient supplier for crops. In light of this situation, therefore, the objective of this study was to examine the feasibility of biochar derived from peanut shell for phosphate removal. As a preliminary test, five different types of biochar, oak wood, bamboo waste, maize residue, soybean stover, and peanut shells, were selected. We found that peanut shell-derived biochar (PSB) possessed the highest phosphate removal potential. In addition to monitoring the physical, chemical, and microstructural properties of biochar, we also evaluated the adsorption equilibrium and kinetic of phosphate of PSB.
Materials and methods

Preparation of adsorptive media
Biochar derived from oak and bamboo woods was supplied by the Gangwon Chamsoot Company in the Republic of Korea and by Kyushu University in Japan, respectively. Maize residue, soybean stover, and peanut shells were converted into biochar using a muffle furnace (MF 21 GS, Jeio Tech, Republic of Korea) in the absence of air. A pyrolysis temperature of 700°C was maintained for 3 h (450°C was used for maize residue); detailed information on the procedures of biomass pyrolysis has been described in previous research (Ahmad et al. 2012 (Ahmad et al. , 2013 .
Phosphate adsorption test
As preliminary experiment, the comparison study of various adsorptive media on the potential of phosphate removal and desorption capacity was conducted. The phosphate concentration and adsorbent dose were fixed at 5.0 mg L -1 using KH 2 PO 4 and 1.0 g L -1 . The pH was adjusted at 7.0 ± 0.1 with 0.1 M of NaOH and HCl. Subsequently, in order to evaluate desorption capacity of phosphate from various biochars, five biochars were mixed with only DI water, and then released phosphate concentrations were monitored. The mixture of both tests was shaken for 48 h at 200 rpm in an orbit shaker under temperature of 20°C (WIS-20R, WiseCube Ò , Republic of Korea). Batch tests were carried out in triplicate, and average values were determined.
The adsorption isotherms were determined using batch experiments under same pH condition with preliminary test. The initial phosphate concentration varied from 1 to 50 mg L -1 . The adsorption analysis was conducted by contacting 100 mg of the prepared biochar with a 50 mL solution of various phosphate concentrations at different temperatures. The mixture was homogeneously shaken for 48 h at 200 rpm in an orbit shaker, which is sufficient for reaching equilibrium. Furthermore, the dynamic adsorption analysis was also carried out in 10 mg L -1 of initial concentration at various temperatures (10-30°C). All experiments were conducted with 1.5 g of prepared biochar in 1.0 L of phosphate solution at pH 7.0 ± 0.1. During the experiments, aliquots of the sample were taken periodically from the reaction vessel for characterization. The samples were immediately filtered through a 0.45-lm membrane filter, residual phosphate concentrations in filtrates were triplicate determined, and average values are reported. The phosphate removal ratio and adsorbed amount were also calculated using the following relationships:
where C i and C t are the corresponding concentration (mg L -1
) of phosphate at the initial time and the given time, respectively, q t is the adsorbed amounts of phosphate per unit weight of adsorbent (mg g -1 ) at given time, M (g) is the mass of adsorbent, and V is the volume of phosphate solution (L).
Analytical method
Chemical analysis of the various types of biochar was performed using a ZSX Primus-II X-ray Fluorescence device (XRF-Rigaku Co., Japan). Zeta potential was measured using a zeta potential analyzer (Zetasizer Nano ZS, Malvern Instrument Ltd., UK). The porous textured properties (i.e., BET-specific surface area, total pore volume, and average pore diameter) of the samples were characterized by nitrogen adsorption/desorption studies at 77 K using a nanoporosity system (NP-XQ, Mirae Scientific Instruments, Republic of Korea). Oxygen/carbon ratios of raw biomass were analyzed using energy-dispersive X-ray spectroscopy (EDS, S-4200, Hitachi Co., Japan). The concentration of phosphate of the liquid phase (filtrated through a 0.45 lm pore size syringe filter) was analyzed using an ion chromatographer (DX-120, Dionex, USA). The mineral content of various biochars was analyzed using X-ray diffraction (XRD, D8 Advance Sol-X, Bruker Co., USA).
Results and discussion
Textural properties of biochar derived from various biomass
The various biochars derived from biomass were characterized using nitrogen adsorption-desorption analyses to determine the textural properties. The nitrogen adsorption isotherms of the prepared biochars are shown in Fig. 1a . Three kinds of the biochar derived from soybean stover, bamboo wood, and peanut shells show type IV isotherms, which suggest the presence of mesoporous pores. The oak wood and the maize residue were typical type I and type II isotherms according to the International Union of Pure and Applied Chemistry (IUPAC) classification, which are indicative of microporous and non-porous (or macroporous) materials, respectively (Hwang et al. 2012) . The textural properties such as surface area, average pore size, and pore volume were estimated from well-known calculation methods such as the Brunauer-Emmett-Teller (BET), the BarrettJoyner-Halenda (BJH), and the Horvath-Kawazoe (HK). Figure 1b shows the pore size distributions of the mesoporous biochars estimated by the BJH method from desorption branches. The overall textural properties of the prepared biochars are summarized in Table 1 . A much higher surface area and a narrower pore size distribution were obtained for PSB, when compared with biochar from other biomass sources. In general, the volatile material as oxygen could be removed at high carbonization temperature resulting in increased pore structures including the pore volume, pore area, and specific surface area (Ahmad et al. 2012) . Especially, the highest oxygen/ carbon ratio of low material was investigated in law peanut shell as shown in Table 1 . According to this observation, the higher specific surface area was obtained at higher oxygen/carbon ratios. The specific surface area and pore volume of the PSB were 328.96 m 2 g -1 and 0.43 cm 3 g -1 , respectively. These structural analysis results could account for the higher uptake of phosphate due to a relatively high surface area and well-developed mesoporous pores. Based on physical properties of various biochars, a feasibility test for phosphate removal was conducted, and the detailed experimental results are described in the next section. Fig. 1 Textural properties of various biochars: a nitrogen adsorption-desorption isotherms at 77 K (color adsorption; blank desorption) and b the Barrett-JoynerHalenda (BJH) pore size distributions of the prepared biochars. OWB oak wood, SSB soybean, BWB bamboo wood, MRB maize residue, PSB peanut shell Feasibility test of various biochars for phosphate removal Figure 2a shows the phosphate removal rate after 48 h using various biochars. It can be clearly seen that among the various biochars, only the two biochars derived from oak wood and peanut shells have the positive capability of phosphate removal. The highest phosphate removal rate, 61.3 %, was obtained using the PSB, while the general adsorptive media showed very limited phosphate removal, in a range of 2.0 to 9.4 %. In addition, interestingly, unlike biochars derived from oak wood and peanut shells, the concentration of phosphate actually increased after 48 h of reaction time with other types of biochar, especially maize residue-derived biochar (13.8 mg L -1 ). It is well known that phosphorus desorption capability is significantly related to the divalent cation bridging and nano-sized periclase (MgO) of biochar (Hale et al. 2013; Mukherjee and Zimmerman 2013) . As can be seen in Table 2 , Mg and Ca were the main components in all biochars; in particular, PSB had the highest Ca content. The calculated Mg/P and Ca/P ratios were determined from XRF results for the prepared biochars, with data given in Table 3 . All of these ratios, for soybean stover, bamboo wood, and maize residue, were much lower than the same ratios for oak wood and peanut shells, indicating that the extraction of phosphate from biochar into aqueous solution might occur due to the low holding capability (low ionic strength) of the phosphorus content in biochar, which is caused by the low Mg and Ca content in biochar. These results coincide with the extracted phosphate concentrations after mixing samples together with only DI water and biochar for 48 h (tests were done three times), as shown in Fig. 2b , in which the concentrations of phosphate were (0.7 ± 1.1) mg L -1 , (1.6 ± 0.5) mg L -1 , and (9.5 ± 0.8) mg L -1 in soybean stover, bamboo wood, and maize residue, respectively. However, phosphate was not detected in the samples with oak wood and peanut shells. Normally, the surfaces of charcoals are negatively charged, which makes them unlikely to sorb negatively charged ions such as phosphate (Lee et al. 2010; Eberhardt et al. 2006 ). The measured zeta potentials of the various biochars were negative, as shown in Table 3 , confirming that the biochars employed here were negatively charged under circumneutral conditions. However, among the samples, PSB had the highest zeta potential (-16.0 mV), indicating that this type of biochar might be more suitable for phosphate adsorption. Measurements of the pH of each type of biochar showed values that were alkaline, at approximately pH 10.0, which values are similar to the values reported for other biochars 
Adsorption equilibrium of phosphate on PSB
In order to further investigate the adsorption properties of PSB, the adsorption equilibrium isotherms of phosphate were measured at three different temperatures (10, 20, and 30°C), and the results are shown in Fig. 3a . The maximum adsorption capacities of PSB were 3.67, 5.50, and 6.79 mg g -1 at 10, 20, and 30°C, respectively. Furthermore, PSB has a quite high adsorption capability for phosphate compared to reported other biomaterials, e.g., 4.8 mg g -1 for okara (Nguyen et al. 2013 ), 4.3 mg g -1 for aspen wood fiber (Eberhardt et al. 2006 ), 2.3 mg g -1 for juniper fiber (Han et al. 2005) , and 4.4 mg g -1 for palm fiber (Riahi et al. 2009 ). The adsorption capacities for PSB increased with an increasing temperature, suggesting that the system is an endothermic and chemical process. In addition, with an increase in the reaction temperature, the interaction forces between the adsorbate and the aqueous solution become weaker than those between the solute and adsorbent. As a consequence, the adsorbate might be easily adsorbing on the adsorbent (Vasudevan and Lakshmi 2012) . This result was identical to those of previous studies of phosphate adsorption in aqueous solution on iron hydroxide-eggshell waste (Mezenner and Bensmaili 2009), ZnCl 2 activated coir pith carbon (Namasivayam and Sangeetha 2004) , aluminum hydroxide (Guan et al. 2007) , and red mud (Huang et al. 2008) . Additionally, the adsorbed amounts of phosphate were analyzed with two commonly used isotherms, Langmuir and Freundlich models given as follows (Yao et al. 2011a ):Langmuir;
Freundlich;
where q e is the adsorbed amounts of phosphate per unit weight of adsorbent (mg g -1 ) at an equilibrium concentration of adsorbate in bulk solution (C e , mg L -1 ). K L and K F are the Langmuir and Freundlich constants, respectively. q m is maximum adsorption capacity, and 1/n is the heterogeneity factor. The parameters for both the isotherms were obtained and are listed in Table 4 . According to the regression coefficient (R 2 ) values determined from those models, the results from the Langmuir isotherm model (exceeding 0.98) more precisely agreed with the experimental data than the Freundlich isotherm model at different temperatures. As can be seen from Langmuir isotherm, the increase in reaction temperature leads to an increased maximum adsorption capacity from 4.243 mg g -1 at 10°C to 7.567 mg g -1 at 30°C. Moreover, an increase in Langmuir constant (adsorption driving force) with increasing reaction temperature indicated that the main mechanism of PSB was endothermic and chemical adsorption as before-mentioned. The implication of the Langmuir isotherm suggests that the adsorption of phosphate onto the PSB surface was probably energetically homogeneous. Subsequently, the effect of pH on the phosphate adsorption capacities onto PSB was examined in a series of experiments that used a 10 mg L -1 initial phosphate concentration while maintaining the pH at different values between 2.0 and 12.0 with various temperature conditions. The pH dependence of phosphate adsorption is presented in Fig. 3b . The results show that the adsorption capacity of phosphate decreases gradually with an increasing pH at between 2.0 and 7.0 and then tends to approach a minimum adsorption capacity, after which it sharply increases with further increases in pH until pH 12.0. In general, when the pH of the solution increases, there is a lower phosphate adsorption capacity resulting from repulsive forces because a higher pH causes the adsorbent surface to carry more negative charges and thus significantly repulses the negatively charged solute in solution (Kim et al. 2002; Singh et al. 2005; Yang et al. 2006) . However, the maximum adsorption capacity of PSB for phosphate was obtained at pH 12.0, as confirmed in Fig. 3b . It is well known that calcite (CaCO 3 ) can act as phosphate adsorbent, thereby influencing the phosphate sorption or desorption fluxes (Sø et al. 2011; Suzuki et al. 1986 ). With respect to pH condition, the phosphate adsorption efficiency could be increased with increasing pH condition due to inverse correlation between Ca 2? and CO 3 2-(increase and decrease in the activities of Ca 2? and CO 3 2-, respectively). As shown in Fig. 4 , the mineralogical analysis was carried out using XRD in order to investigate the crystal structure of various biochars. In the XRD diagrams, except bamboo wood-derived biochar (C) and maize residue-derived biochar (d), crystallized section of others was characterized as calcite. In particular, PSB was characterized as calcite with the highest peak intensity, leading to the highest phosphate adsorption performance. Therefore, in this study, the pH dependency of phosphate removal might be related to the polyprotic nature of phosphate and also correlated with the dissolution of Ca 2?
ions. PSB contains many minerals (especially the 7 % of calcium mentioned above) as shown in Table 2 . These constituent species can undergo various hydrolysis and complex formation reactions (Karageorgiou et al. 2007 ).
Adsorption kinetics of phosphate on PSB Kinetic studies on the adsorption process is usually conducted to establish the reaction time that is required to achieve the maximum adsorbing capacity of the adsorbate on the adsorbent. To identify the adsorption kinetic, the mass transfer behavior of the phosphate on PSB was measured in terms of contact time at various reaction temperatures. As clearly shown in Fig. 5a , the adsorption of phosphate occurred in three stages at all reaction temperatures. The adsorption rate was rapid in the initial stage of the reaction due to a high number of fresh binding sites available for adsorption in the first stage (Ghaedi et al. 2011) , reaching 2.4 mg g -1 for the phosphate adsorption capacity, which is above 80 % of the quantity of maximum adsorption capacity within 4 h at 30°C. After the first stage, the rate progressively decreased with contact time until it achieved equilibrium. According to Fig. 5a , the phosphate adsorption in the PSB process could require more than 20 h to reach equilibrium. Although many mathematical models, including the surface diffusion model, pore diffusion model, and combined diffusion model, have been given a strict interpretation of the mass transient of the adsorbate inside adsorbent, the mathematical complexity of the models makes them inconvenient for practical use (Ho and Mckay 1998) . The adsorption kinetics were analyzed based on two different kinetic models: the pseudo-first-order and pseudosecond-order models (Yao et al. 2011b ).
Pseudo-first order;
Pseudo-second order;
where K p1 and K p2 are rate constants for the pseudo-firstorder model (h
) and pseudo-second-order model (g mg -1 h -1 ), respectively. q t is the adsorbed amount at a given time, and q e is the adsorbed amounts at equilibrium. In this study, we used a MATLAB program to directly evaluate the kinetic parameters by an optimization method. The evaluated parameters are listed together with the regression coefficients in Table 5 . Taking into account the regression coefficient (R 2 ) values, the adsorption kinetic experimental results at three different temperatures can be better explained in terms of the pseudo-second-order model. Based on the pseudo-second-order model, the calculated q e (predicted) values were close to the experimental q e values and also the values of R 2 were quite near 1.0, as shown in Table 5 . The kinetic rate constant was in the range of 0.121 to 0.345 g mg -1 h -1 and increased with an increasing reaction temperature. The pseudo-second-order rate expression was used to describe chemisorption involving valency forces through the sharing or exchange of electrons between the adsorbent and adsorbate as covalent forces (Ho 2006) . However, the pseudo-kinetic models could not be satisfactorily explained for the diffusion mechanism of phosphate on PSB. The possibility of intraparticle diffusion resistance affecting adsorption was determined using a Weber-Morris model. The equation is given as (Weber and Morris 1963 ):Weber-Morris;
where K i2 is the intraparticle diffusion rate constant (mgÁg -1 h -0.5 ) that can be obtained from the slop in the plot of q t versus t 0.5 as shown in Fig. 5b . There are two different kinetic regions in the phosphate adsorption process. The first region could be attributed to either the boundary layer diffusion effect or the mass transfer effects on the external surface. The second straight portion representing the internal pore includes mesopores and micropores of the prepared PSB (Tutem et al. 1998 ). The intraparticle diffusion rate constant K i2 was obtained from the second slope in Fig. 5b and is listed in Table 5 . These values were 0.284-0.342 mgÁg -1 h -0.5 . These results demonstrated that the overall adsorption process might be controlled by the solution temperature, which highly affected the external mass transfer and intraparticle diffusion rate of the phosphate molecules.
Conclusion
In this study, we evaluated five types of biochar for phosphate removal in aqueous solution. Among the various adsorptive media, PSB exhibited the best phosphate removal efficiency due to suitable chemical and physical properties, compared to the other types of biochar and adsorptive media. Even though these findings suggest that PSB has great potential as an alternative and renewable adsorptive media for phosphate removal, further study for continuous operation in column tests or for application with constructed wetland as media might be necessary to successfully apply these media in the field. 
